Study of the process $e^+e^-\to\pi^0\pi^0 J/\psi$ and neutral
  charmonium-like state $Z_c(3900)^0$ by BESIII Collaboration
Study of the process e+e− → pi0pi0J/ψ and neutral charmonium-like state Zc(3900)0
M. Ablikim1, M. N. Achasov10,c, P. Adlarson64, S. Ahmed15, M. Albrecht4, A. Amoroso63A,63C , Q. An60,48,
Anita21, Y. Bai47, O. Bakina29, R. Baldini Ferroli23A, I. Balossino24A, Y. Ban38,k, K. Begzsuren26, J. V. Bennett5,
N. Berger28, M. Bertani23A, D. Bettoni24A, F. Bianchi63A,63C , J Biernat64, J. Bloms57, A. Bortone63A,63C ,
I. Boyko29, R. A. Briere5, H. Cai65, X. Cai1,48, A. Calcaterra23A, G. F. Cao1,52, N. Cao1,52, S. A. Cetin51B ,
J. F. Chang1,48, W. L. Chang1,52, G. Chelkov29,b, D. Y. Chen6, G. Chen1, H. S. Chen1,52, M. L. Chen1,48,
S. J. Chen36, X. R. Chen25, Y. B. Chen1,48, W. S. Cheng63C , G. Cibinetto24A, F. Cossio63C , X. F. Cui37,
H. L. Dai1,48, J. P. Dai42,g, X. C. Dai1,52, A. Dbeyssi15, R. B. de Boer4, D. Dedovich29, Z. Y. Deng1, A. Denig28,
I. Denysenko29, M. Destefanis63A,63C , F. De Mori63A,63C , Y. Ding34, C. Dong37, J. Dong1,48, L. Y. Dong1,52,
M. Y. Dong1,48,52, S. X. Du68, J. Fang1,48, S. S. Fang1,52, Y. Fang1, R. Farinelli24A, L. Fava63B,63C , F. Feldbauer4,
G. Felici23A, C. Q. Feng60,48, M. Fritsch4, C. D. Fu1, Y. Fu1, X. L. Gao60,48, Y. Gao38,k, Y. Gao61, Y. G. Gao6,
I. Garzia24A,24B , E. M. Gersabeck55, A. Gilman56, K. Goetzen11, L. Gong37, W. X. Gong1,48, W. Gradl28,
M. Greco63A,63C , L. M. Gu36, M. H. Gu1,48, S. Gu2, Y. T. Gu13, C. Y Guan1,52, A. Q. Guo22, L. B. Guo35,
R. P. Guo40, Y. P. Guo28, Y. P. Guo9,h, A. Guskov29, S. Han65, T. T. Han41, T. Z. Han9,h, X. Q. Hao16,
F. A. Harris53, K. L. He1,52, F. H. Heinsius4, T. Held4, Y. K. Heng1,48,52, M. Himmelreich11,f , T. Holtmann4,
Y. R. Hou52, Z. L. Hou1, H. M. Hu1,52, J. F. Hu42,g, T. Hu1,48,52, Y. Hu1, G. S. Huang60,48, L. Q. Huang61,
X. T. Huang41, Z. Huang38,k, N. Huesken57, T. Hussain62, W. Ikegami Andersson64, W. Imoehl22, M. Irshad60,48,
S. Jaeger4, S. Janchiv26,j , Q. Ji1, Q. P. Ji16, X. B. Ji1,52, X. L. Ji1,48, H. B. Jiang41, X. S. Jiang1,48,52, X. Y. Jiang37,
J. B. Jiao41, Z. Jiao18, S. Jin36, Y. Jin54, T. Johansson64, N. Kalantar-Nayestanaki31, X. S. Kang34, R. Kappert31,
M. Kavatsyuk31, B. C. Ke43,1, I. K. Keshk4, A. Khoukaz57, P. Kiese28, R. Kiuchi1, R. Kliemt11, L. Koch30,
O. B. Kolcu51B,e, B. Kopf4, M. Kuemmel4, M. Kuessner4, A. Kupsc64, M. G. Kurth1,52, W. Ku¨hn30, J. J. Lane55,
J. S. Lange30, P. Larin15, L. Lavezzi63C , H. Leithoff28, M. Lellmann28, T. Lenz28, C. Li39, C. H. Li33, Cheng Li60,48,
D. M. Li68, F. Li1,48, G. Li1, H. B. Li1,52, H. J. Li9,h, J. L. Li41, J. Q. Li4, Ke Li1, L. K. Li1, Lei Li3, P. L. Li60,48,
P. R. Li32, S. Y. Li50, W. D. Li1,52, W. G. Li1, X. H. Li60,48, X. L. Li41, Z. B. Li49, Z. Y. Li49, H. Liang60,48,
H. Liang1,52, Y. F. Liang45, Y. T. Liang25, L. Z. Liao1,52, J. Libby21, C. X. Lin49, B. Liu42,g, B. J. Liu1, C. X. Liu1,
D. Liu60,48, D. Y. Liu42,g, F. H. Liu44, Fang Liu1, Feng Liu6, H. B. Liu13, H. M. Liu1,52, Huanhuan Liu1,
Huihui Liu17, J. B. Liu60,48, J. Y. Liu1,52, K. Liu1, K. Y. Liu34, Ke Liu6, L. Liu60,48, Q. Liu52, S. B. Liu60,48,
Shuai Liu46, T. Liu1,52, X. Liu32, Y. B. Liu37, Z. A. Liu1,48,52, Z. Q. Liu41, Y. F. Long38,k, X. C. Lou1,48,52,
F. X. Lu16, H. J. Lu18, J. D. Lu1,52, J. G. Lu1,48, X. L. Lu1, Y. Lu1, Y. P. Lu1,48, C. L. Luo35, M. X. Luo67,
P. W. Luo49, T. Luo9,h, X. L. Luo1,48, S. Lusso63C , X. R. Lyu52, F. C. Ma34, H. L. Ma1, L. L. Ma41, M. M. Ma1,52,
Q. M. Ma1, R. Q. Ma1,52, R. T. Ma52, X. N. Ma37, X. X. Ma1,52, X. Y. Ma1,48, Y. M. Ma41, F. E. Maas15,
M. Maggiora63A,63C , S. Maldaner28, S. Malde58, Q. A. Malik62, A. Mangoni23B , Y. J. Mao38,k, Z. P. Mao1,
S. Marcello63A,63C , Z. X. Meng54, J. G. Messchendorp31, G. Mezzadri24A, T. J. Min36, R. E. Mitchell22,
X. H. Mo1,48,52, Y. J. Mo6, N. Yu. Muchnoi10,c, H. Muramatsu56, S. Nakhoul11,f , Y. Nefedov29, F. Nerling11,f ,
I. B. Nikolaev10,c, Z. Ning1,48, S. Nisar8,i, S. L. Olsen52, Q. Ouyang1,48,52, S. Pacetti23B , X. Pan46, Y. Pan55,
A. Pathak1, P. Patteri23A, M. Pelizaeus4, H. P. Peng60,48, K. Peters11,f , J. Pettersson64, J. L. Ping35, R. G. Ping1,52,
A. Pitka4, R. Poling56, V. Prasad60,48, H. Qi60,48, H. R. Qi50, M. Qi36, T. Y. Qi2, S. Qian1,48, W.-B. Qian52,
Z. Qian49, C. F. Qiao52, L. Q. Qin12, X. P. Qin13, X. S. Qin4, Z. H. Qin1,48, J. F. Qiu1, S. Q. Qu37, K. H. Rashid62,
K. Ravindran21, C. F. Redmer28, A. Rivetti63C , V. Rodin31, M. Rolo63C , G. Rong1,52, Ch. Rosner15, M. Rump57,
A. Sarantsev29,d, Y. Schelhaas28, C. Schnier4, K. Schoenning64, D. C. Shan46, W. Shan19, X. Y. Shan60,48,
M. Shao60,48, C. P. Shen2, P. X. Shen37, X. Y. Shen1,52, H. C. Shi60,48, R. S. Shi1,52, X. Shi1,48, X. D Shi60,48,
J. J. Song41, Q. Q. Song60,48, W. M. Song27, Y. X. Song38,k, S. Sosio63A,63C , S. Spataro63A,63C , F. F. Sui41,
G. X. Sun1, J. F. Sun16, L. Sun65, S. S. Sun1,52, T. Sun1,52, W. Y. Sun35, X Sun20,l, Y. J. Sun60,48, Y. K Sun60,48,
Y. Z. Sun1, Z. T. Sun1, Y. H. Tan65, Y. X. Tan60,48, C. J. Tang45, G. Y. Tang1, J. Tang49, V. Thoren64,
B. Tsednee26, I. Uman51D, B. Wang1, B. L. Wang52, C. W. Wang36, D. Y. Wang38,k, H. P. Wang1,52, K. Wang1,48,
L. L. Wang1, M. Wang41, M. Z. Wang38,k, Meng Wang1,52, W. H. Wang65, W. P. Wang60,48, X. Wang38,k,
X. F. Wang32, X. L. Wang9,h, Y. Wang49, Y. Wang60,48, Y. D. Wang15, Y. F. Wang1,48,52, Y. Q. Wang1,
Z. Wang1,48, Z. Y. Wang1, Ziyi Wang52, Zongyuan Wang1,52, D. H. Wei12, P. Weidenkaff28, F. Weidner57,
S. P. Wen1, D. J. White55, U. Wiedner4, G. Wilkinson58, M. Wolke64, L. Wollenberg4, J. F. Wu1,52, L. H. Wu1,
L. J. Wu1,52, X. Wu9,h, Z. Wu1,48, L. Xia60,48, H. Xiao9,h, S. Y. Xiao1, Y. J. Xiao1,52, Z. J. Xiao35, X. H. Xie38,k,
Y. G. Xie1,48, Y. H. Xie6, T. Y. Xing1,52, X. A. Xiong1,52, G. F. Xu1, J. J. Xu36, Q. J. Xu14, W. Xu1,52,
X. P. Xu46, L. Yan63A,63C , L. Yan9,h, W. B. Yan60,48, W. C. Yan68, Xu Yan46, H. J. Yang42,g, H. X. Yang1,
L. Yang65, R. X. Yang60,48, S. L. Yang1,52, Y. H. Yang36, Y. X. Yang12, Yifan Yang1,52, Zhi Yang25, M. Ye1,48,
ar
X
iv
:2
00
4.
13
78
8v
1 
 [h
ep
-ex
]  
28
 A
pr
 20
20
2M. H. Ye7, J. H. Yin1, Z. Y. You49, B. X. Yu1,48,52, C. X. Yu37, G. Yu1,52, J. S. Yu20,l, T. Yu61, C. Z. Yuan1,52,
W. Yuan63A,63C , X. Q. Yuan38,k, Y. Yuan1, Z. Y. Yuan49, C. X. Yue33, A. Yuncu51B,a, A. A. Zafar62,
Y. Zeng20,l, B. X. Zhang1, Guangyi Zhang16, H. H. Zhang49, H. Y. Zhang1,48, J. L. Zhang66, J. Q. Zhang4,
J. W. Zhang1,48,52, J. Y. Zhang1, J. Z. Zhang1,52, Jianyu Zhang1,52, Jiawei Zhang1,52, L. Zhang1, Lei Zhang36,
S. Zhang49, S. F. Zhang36, T. J. Zhang42,g, X. Y. Zhang41, Y. Zhang58, Y. H. Zhang1,48, Y. T. Zhang60,48,
Yan Zhang60,48, Yao Zhang1, Yi Zhang9,h, Z. H. Zhang6, Z. Y. Zhang65, G. Zhao1, J. Zhao33, J. Y. Zhao1,52,
J. Z. Zhao1,48, Lei Zhao60,48, Ling Zhao1, M. G. Zhao37, Q. Zhao1, S. J. Zhao68, Y. B. Zhao1,48, Y. X. Zhao Zhao25,
Z. G. Zhao60,48, A. Zhemchugov29,b, B. Zheng61, J. P. Zheng1,48, Y. Zheng38,k, Y. H. Zheng52, B. Zhong35,
C. Zhong61, L. P. Zhou1,52, Q. Zhou1,52, X. Zhou65, X. K. Zhou52, X. R. Zhou60,48, A. N. Zhu1,52, J. Zhu37, K. Zhu1,
K. J. Zhu1,48,52, S. H. Zhu59, W. J. Zhu37, X. L. Zhu50, Y. C. Zhu60,48, Z. A. Zhu1,52, B. S. Zou1, J. H. Zou1
(BESIII Collaboration)
1 Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2 Beihang University, Beijing 100191, People’s Republic of China
3 Beijing Institute of Petrochemical Technology, Beijing 102617, People’s Republic of China
4 Bochum Ruhr-University, D-44780 Bochum, Germany
5 Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6 Central China Normal University, Wuhan 430079, People’s Republic of China
7 China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China
8 COMSATS University Islamabad, Lahore Campus, Defence Road, Off Raiwind Road, 54000 Lahore, Pakistan
9 Fudan University, Shanghai 200443, People’s Republic of China
10 G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
11 GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany
12 Guangxi Normal University, Guilin 541004, People’s Republic of China
13 Guangxi University, Nanning 530004, People’s Republic of China
14 Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
15 Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
16 Henan Normal University, Xinxiang 453007, People’s Republic of China
17 Henan University of Science and Technology, Luoyang 471003, People’s Republic of China
18 Huangshan College, Huangshan 245000, People’s Republic of China
19 Hunan Normal University, Changsha 410081, People’s Republic of China
20 Hunan University, Changsha 410082, People’s Republic of China
21 Indian Institute of Technology Madras, Chennai 600036, India
22 Indiana University, Bloomington, Indiana 47405, USA
23 (A)INFN Laboratori Nazionali di Frascati, I-00044, Frascati,
Italy; (B)INFN and University of Perugia, I-06100, Perugia, Italy
24 (A)INFN Sezione di Ferrara, I-44122, Ferrara, Italy; (B)University of Ferrara, I-44122, Ferrara, Italy
25 Institute of Modern Physics, Lanzhou 730000, People’s Republic of China
26 Institute of Physics and Technology, Peace Ave. 54B, Ulaanbaatar 13330, Mongolia
27 Jilin University, Changchun 130012, People’s Republic of China
28 Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
29 Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
30 Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany
31 KVI-CART, University of Groningen, NL-9747 AA Groningen, The Netherlands
32 Lanzhou University, Lanzhou 730000, People’s Republic of China
33 Liaoning Normal University, Dalian 116029, People’s Republic of China
34 Liaoning University, Shenyang 110036, People’s Republic of China
35 Nanjing Normal University, Nanjing 210023, People’s Republic of China
36 Nanjing University, Nanjing 210093, People’s Republic of China
37 Nankai University, Tianjin 300071, People’s Republic of China
38 Peking University, Beijing 100871, People’s Republic of China
39 Qufu Normal University, Qufu 273165, People’s Republic of China
40 Shandong Normal University, Jinan 250014, People’s Republic of China
41 Shandong University, Jinan 250100, People’s Republic of China
342 Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China
43 Shanxi Normal University, Linfen 041004, People’s Republic of China
44 Shanxi University, Taiyuan 030006, People’s Republic of China
45 Sichuan University, Chengdu 610064, People’s Republic of China
46 Soochow University, Suzhou 215006, People’s Republic of China
47 Southeast University, Nanjing 211100, People’s Republic of China
48 State Key Laboratory of Particle Detection and Electronics,
Beijing 100049, Hefei 230026, People’s Republic of China
49 Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China
50 Tsinghua University, Beijing 100084, People’s Republic of China
51 (A)Ankara University, 06100 Tandogan, Ankara, Turkey; (B)Istanbul Bilgi
University, 34060 Eyup, Istanbul, Turkey; (C)Uludag University, 16059 Bursa,
Turkey; (D)Near East University, Nicosia, North Cyprus, Mersin 10, Turkey
52 University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
53 University of Hawaii, Honolulu, Hawaii 96822, USA
54 University of Jinan, Jinan 250022, People’s Republic of China
55 University of Manchester, Oxford Road, Manchester, M13 9PL, United Kingdom
56 University of Minnesota, Minneapolis, Minnesota 55455, USA
57 University of Muenster, Wilhelm-Klemm-Str. 9, 48149 Muenster, Germany
58 University of Oxford, Keble Rd, Oxford, UK OX13RH
59 University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
60 University of Science and Technology of China, Hefei 230026, People’s Republic of China
61 University of South China, Hengyang 421001, People’s Republic of China
62 University of the Punjab, Lahore-54590, Pakistan
63 (A)University of Turin, I-10125, Turin, Italy; (B)University of Eastern
Piedmont, I-15121, Alessandria, Italy; (C)INFN, I-10125, Turin, Italy
64 Uppsala University, Box 516, SE-75120 Uppsala, Sweden
65 Wuhan University, Wuhan 430072, People’s Republic of China
66 Xinyang Normal University, Xinyang 464000, People’s Republic of China
67 Zhejiang University, Hangzhou 310027, People’s Republic of China
68 Zhengzhou University, Zhengzhou 450001, People’s Republic of China
a Also at Bogazici University, 34342 Istanbul, Turkey
b Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia
c Also at the Novosibirsk State University, Novosibirsk, 630090, Russia
d Also at the NRC ”Kurchatov Institute”, PNPI, 188300, Gatchina, Russia
e Also at Istanbul Arel University, 34295 Istanbul, Turkey
f Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany
g Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry
of Education; Shanghai Key Laboratory for Particle Physics and Cosmology; Institute
of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China
h Also at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute
of Modern Physics, Fudan University, Shanghai 200443, People’s Republic of China
i Also at Harvard University, Department of Physics, Cambridge, MA, 02138, USA
j Currently at: Institute of Physics and Technology, Peace Ave.54B, Ulaanbaatar 13330, Mongolia
k Also at State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, People’s Republic of China
l School of Physics and Electronics, Hunan University, Changsha 410082, China
(Dated: April 30, 2020)
Cross sections of the process e+e− → pi0pi0J/ψ at center-of-mass energies between 3.808 and
4.600 GeV are measured with high precision by using 12.4 fb−1 of data samples collected with the
BESIII detector operating at the BEPCII collider facility. A fit to the measured energy-dependent
cross sections confirms the existence of the charmonium-like state Y (4220). The mass and width
of the Y (4220) are determined to be (4220.4 ± 2.4 ± 2.3) MeV/c2 and (46.2 ± 4.7 ± 2.1) MeV,
respectively, where the first uncertainties are statistical and the second systematic. The mass
4and width are consistent with those measured in the process e+e− → pi+pi−J/ψ. The neutral
charmonium-like state Zc(3900)
0 is observed prominently in the pi0J/ψ invariant-mass spectrum,
and, for the first time, an amplitude analysis is performed to study its properties. The spin-parity
of Zc(3900)
0 is determined to be JP = 1+, and the pole position is (3893.1± 2.2± 3.0)− i(22.2±
2.6 ± 7.0) MeV/c2, which is consistent with previous studies of electrically charged Zc(3900)±. In
addition, cross sections of e+e− → pi0Zc(3900)0 → pi0pi0J/ψ are extracted, and the corresponding
lineshape is found to agree with that of the Y (4220).
PACS numbers: 14.20.Lq, 13.30.Eg, 13.66.Bc, 12.38.Qk
A charmonium-like structure with a mass around
4260 MeV/c2 and spin-parity of JPC = 1−−, namely
the Y (4260), was observed and confirmed in the pro-
cess e+e− → (γISR)pi+pi−J/ψ by several experiments [1–
3]. However, the latest results from the BESIII ex-
periment for e+e− → pi+pi−J/ψ revealed that the
Y (4260) consists of two components [4], i.e., the Y (4220)
and Y (4320). Besides e+e− → pi+pi−J/ψ, dedicated
cross-section measurements by BESIII for the processes
e+e− → pi+pi−hc [5], ωχc0 [6], pi+pi−ψ(2S) [7], and
pi+D0D∗− [8] also support the existence of a structure
around 4220 MeV. Despite several experimental obser-
vations, the internal constituents of the Y (4220) are still
unclear. Possible interpretations include hybrids, meson
molecules, hadrocharmonium, or tetraquarks, etc., but
none of them is conclusive [9–13].
A partial-wave analysis (PWA) [16] showed that the
charged charmonium-like state, Zc(3900)
±, observed in
decays to pi±J/ψ in the process e+e− → pi+pi−J/ψ [3,
14], and to D∗D¯ in the process e+e− → pi±(D∗D¯)∓ [15],
has spin-parity JP = 1+. Different theoretical models [9–
13] consider the Zc(3900)
± to be an unconventional state,
and the molecular interpretation [11], in particular, sug-
gested a strong correlation of the Y (4220) to piZc(3900).
However, further studies are needed to clarify the situa-
tion.
It is particularly interesting to understand the rela-
tionship between the Y and Zc production through the
same decay processes [3, 7, 8, 14, 15], since such infor-
mation could shed light on their nature. More precise
measurements of their resonant parameters, production
cross sections, and decay modes, as well as searches for
new states, are essential. Studying the neutral decay
process e+e− → pi0pi0J/ψ is a natural way to study the
properties of the Y (4220) and to search for the charge-
neutral isospin partner of the Zc(3900)
±.
The neutral Zc(3900)
0 was observed in the processes
e+e− → pi0pi0J/ψ and e+e− → pi0(DD¯∗)0 by CLEO-c
and BESIII [17–19], demonstrating that the Zc(3900)
± is
an isovector. However, the previous analysis was unable
to extract the resonant parameters of the Y states and
to determine the properties of the Zc(3900)
0, due to lim-
ited statistics and lack of data in some key center-of-mass
(c.m.) energy points. In this Letter, we present an up-
dated analysis of e+e− → pi0pi0J/ψ using 12.4 fb−1 [20]
of BESIII data taken at c.m. energies from 3.808 to
4.600 GeV. The production cross sections are measured
with high precision, and a PWA is performed to study
properties of the Zc(3900)
0.
The BESIII detector is described in detail else-
where [21]. The geant4-based [22] Monte Carlo (MC)
simulation software package boost [23], is used to deter-
mine detection efficiencies, and to estimate background
rates. Signal MC samples of e+e− → pi0pi0J/ψ with
J/ψ → `+`−(` = e, µ) and pi0 → γγ, are generated us-
ing a phase-space (PHSP) model and weighted by the
amplitude model obtained from the analysis of the data.
Potential background contaminations are studied using
inclusive MC samples described in Ref. [4]. Additional
exclusive MC samples e+e− → ηJ/ψ with η → pi0pi0pi0
and e+e− → γψ(2S) with ψ(2S) → pi0pi0J/ψ are gener-
ated to estimate possible peaking backgrounds.
Candidates for charged tracks and photons are se-
lected using the same criteria as described in Ref. [18].
Electrons (muons) identification and pi0 reconstruction
are proceeded with the same strategies as reported in
Refs. [24, 25], respectively. Less than three pi0pi0 com-
binations for each event are required to suppress com-
binatorial backgrounds. A kinematic fit under the hy-
pothesis e+e− → pi0pi0`+`− is applied to enforce energy-
momentum conservation and to constrain the two pi0
masses. The combination with the smallest χ26C and with
χ26C < 75 is chosen.
Detailed MC studies indicate that the dominant back-
grounds are those from e+e− → qq¯, e+e− → ηJ/ψ
(η → pi0pi0pi0) and γψ(2S) (ψ(2S) → pi0pi0J/ψ). The
first one has a uniform distribution in the `+`− invariant-
mass (M`+`−) spectrum, while the other two produce a
broad peak around the J/ψ position. To determine the
signal yield of e+e− → pi0pi0J/ψ, an unbinned maximum-
likelihood fit to the M`+`− spectrum in the range 2.90 <
M`+`− < 3.30 GeV/c
2 is performed. The signal and
peaking backgrounds are described using MC-simulated
shapes convolved with a common Gaussian function rep-
resenting the resolution difference between data and the
MC simulation, while the other possible backgrounds are
described with a first-order polynomial function. The
peaking background contributions are normalized to the
integrated luminosity.
The Born cross section is determined by
σB =
Nobs
Lint (1 + δr) (1 + δv) ε B , (1)
where Nobs is the signal yield obtained as described
above, Lint is the integrated luminosity, ε is the selection
efficiency estimated with signal MC samples modeled ac-
5cording to the results of the PWA for those points that
fall within
√
s = 4.178 ∼ 4.416 GeV and by PHSP for
other energy points with low statistics, (1 + δr) is the
radiative correction factor, (1 + δv) is the vacuum polar-
ization factor derived from QED calculations [26] and B
is the world averaged value [27] of the product branching
fractions (BFs) of the intermediate states. The resultant
cross sections are shown in the top subplot of Fig. 1, and
the various numbers used in the calculation are summa-
rized in Table I of the supplementary material [20]. To
examine the isospin symmetry, the cross-section ratios of
the processes e+e− → pi0pi0J/ψ to e+e− → pi+pi−J/ψ [4]
at different c.m. energies are extracted, and are fitted
by a constant function, as shown in the bottom subplot
of Fig. 1. The fit yields an average ratio of 0.48 ± 0.02,
consistent with the prediction (0.5) based on isospin sym-
metry.
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FIG. 1. (Color online) Top: Fit to the Born cross sections of
e+e− → pi0pi0J/ψ, where points with error bars are data, the
red solid line is the total fit result, the blue dotted line is the
non-resonant component, the red dashed and dot-dashed lines
represent the contributions from Y (4220) and Y (4320), re-
spectively. Bottom: Cross-section ratio of e+e− → pi0pi0J/ψ
to e+e− → pi+pi−J/ψ, where the blue dashed line corresponds
to the average.
A χ2 fit is performed to the Born cross section to study
resonant structure in the range
√
s = 3.808 ∼ 4.600 GeV.
The probability density function (PDF) is defined as
σfit(
√
s) = |
√
σNY (
√
s) + f1(s)e
iφ1 + f2(s)e
iφ2 |2, (2)
where σNY (
√
s) = Φ(
√
s)e−p0(
√
s−Mthd)+p1 represents
the non-resonant component [28], Mthd = 2mpi0 +mJ/ψ,
Φ(
√
s) is the PHSP factor of the three-body decay Ri →
pi0pi0J/ψ [27], fi stands for the amplitude of structure Ri
(R1 is Y (4220) and R2 is Y (4320)), and φi is its phase
relative to the continuum. fi is defined as
fi(s) =
Mi√
s
√
12piΓieeΓ
i
totBipi0pi0J/ψ
s−M2i + iMiΓitot
×
√
Φ(
√
s)
Φ(Mi)
, (3)
where, Mi, Γ
i
tot, Γ
i
ee and Bipi0pi0J/ψ are the mass, full
width, partial width coupling to e+e−, and the decay
BF of Ri → pi0pi0J/ψ, respectively. The mass and
width of the Y (4320) are fixed to those reported in
Ref. [4] and other parameters are allowed to vary. The
fit yields four solutions with equal fit qualities (the good-
ness of fit is χ2/ndf = 19.3/19, where ndf is the num-
ber of degrees of freedom), and (4220.4 ± 2.4) MeV/c2
and (46.2 ± 4.7) MeV for the mass and width of the
Y (4220), respectively, which agree with the ones obtained
in e+e− → pi+pi−J/ψ [4]. The fit curves for one of the
solutions are shown in Fig. 1. A summary of the fit re-
sults can be found in Table II of the supplementary ma-
terial [20]. The statistical significance of Y (4320) is esti-
mated to be 4.2σ by the changes in the likelihood values
obtained from including and excluding the Y (4320).
The systematic uncertainties for the cross section mea-
surement include those associated with the luminosity,
detection efficiency, radiative correction, fitting proce-
dure, and the BFs of intermediate states. The uncer-
tainties of the detection efficiency include those of track-
ing, photon detection, e/µ identification, pi0 reconstruc-
tion, kinematic fit, and MC modeling. The uncertainties
for the Y (4220) resonant parameters are from the mea-
sured cross section, the c.m. energy measurement and
spread, and the fit procedure. All above uncertainties
are estimated, and a detailed description can be found
in the supplementary material [20]. Assuming all sources
are independent, the total uncertainties are obtained by
adding all the values of the individual contributions in
quadrature, resulting in 6.1% for the Born cross section,
2.3 MeV/c2 and 2.1 MeV for the mass and width of
Y (4220), respectively.
For the PWA, candidate signal events are required
to be within the J/ψ signal region (3.06 < M`+`− <
3.13 GeV/c2). Events within the J/ψ-sideband region
((2.93, 3.00) ∪ (3.20, 3.27)) GeV/c2 are used to evalu-
ate the effect of non-J/ψ background. The J/ψ-peaking
background is found to be negligible. To improve the pu-
rity of samples in the J/ψ → µ+µ− channel, at least one
muon track penetrating more than five muon chamber
(MUC) layers is required. The invariant-mass distribu-
tions of pi0J/ψ (Mpi0J/ψ) and pi
0pi0 (Mpi0pi0) for the four
data samples of
√
s = 4.226, 4.236, 4.244 and 4.258 GeV,
which have the largest statistics among all data samples,
are shown in Fig. 2, where the structures Zc(3900)
0 and
f0(980) are clearly visible. To decompose the intermedi-
ate processes, a simultaneous PWA is performed on the
four data samples with a sum of 2188 ± 47 candidate
events, of which 57± 8 are background events estimated
from the J/ψ-sideband regions.
The isobar model is implemented in the PWA
and includes the cascading decay chains e+e− →
pi0Zc(3900)
0 → pi0pi0J/ψ and e+e− → RJ/ψ →
pi0pi0J/ψ, where R represents σ, f0(980), f0(1370), etc..
The quasi two-body decay amplitudes in the sequential
decays are constructed using the helicity formalism [29].
The amplitude of J/ψ → `+`− is considered, and an
additional term is introduced to correct for the differ-
ence in the azimuthal angle between the lepton helici-
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FIG. 2. (Color online) Invariant-mass projections Mpi0J/ψ
(left) and Mpi0pi0 (right) of the results of the nominal PWA for
data samples
√
s = 4.226 ∼ 4.258 GeV. Points with errors are
data, red solid curves are the total fit results, the blue dashed
(magenta long-dashed) curves represent Zc(3900)
0 (pi0pi0-S
wave) components, and green shaded histograms represent
the estimated backgrounds. Each event appears twice in the
Mpi0J/ψ distributions. The χ
2/ndf is calculated by merging
those bins with less than 10 events.
ties in two different decay chains [30]. The intermedi-
ate states are parameterized with the relativistic Breit-
Wigner (BW) functions, except for the f0(980), which
is described by a Flatte´ formula with fixed parameters
taken from Ref. [31]. The width of the wide σ reso-
nance is parameterized as
√
1− 4m2pis Γ [32]. The reso-
nant parameters of the f0(1370) and other well-known
mesons are taken from the world averaged values [27],
while those of the Zc(3900)
0 are left free in the fit. The
relative magnitudes and phases of the individual inter-
mediate processes are determined by performing an un-
binned maximum-likelihood fit for the four data sam-
ples simultaneously. The properties of the intermediate
states, i.e., their masses, widths, and coupling strength to
the different final states are shared parameters between
the different data samples, while the production mag-
nitudes and the relative phases are independent. The
background contribution to the overall likelihood value
is estimated from the events in the J/ψ-sideband re-
gion and subtracted. All the possible known interme-
diate states are considered in the fit and only those with
statistical significances larger than 5σ are kept in the
nominal results. The statistical significance is calculated
by the differences in the likelihood values and the num-
ber of degrees of freedom between the two scenarios with
or without including the intermediate process. Different
Zc(3900)
0 spin-parity hypotheses are tested in the simul-
taneous fit.
With the above strategy, the nominal fit includes
the intermediate processes e+e− → σJ/ψ, f0(980)J/ψ,
f0(1370)J/ψ and pi
0Zc(3900)
0. As shown in Fig. 2, the
pi0pi0 S-wave contribution dominates. The spin-party of
the Zc(3900)
0 is determined to be JP = 1+ with a sta-
tistical significance of more than 9σ over alternative JP
hypotheses (JP = 0+, 1−, 2+, 2−). The fits yield a mass
(3893.0 ± 2.3) MeV/c2 and a width (44.2 ± 5.4) MeV
for the Zc(3900)
0, where the uncertainties are statistical
only. Since the Zc(3900)
0 is also observed in e+e− →
pi0D∗D¯ [19] and its mass is close to the mass threshold
of D∗D¯, we also perform an alternative fit by parame-
terizing the Zc(3900)
0 with a Flatte´ formula as those for
e+e− → pi+pi−J/ψ [16]. The fit results are not sensitive
enough to determine the coupling constants gpi0J/ψ and
gD∗D¯. However, if the ratio gD∗D¯/gpi0J/ψ is fixed to the
value reported in Ref. [16], the fit results in a comparable
description of the data as the nominal case.
Based on the above procedure, the Born cross sections
for the process e+e− → pi0Zc(3900)0 → pi0pi0J/ψ are
measured using σBornZ0c
= fZ0c × σBornpi0pi0J/ψ, where fZ0c is
the fraction of the Zc(3900)
0 component in the e+e− →
pi0pi0J/ψ process, extracted from the PWA. To extract
the energy-dependent lineshape of the cross section for
e+e− → pi0Zc(3900)0 → pi0pi0J/ψ around the Y (4220),
we also perform the PWA for other data samples with
c.m. energy around the Y (4220), individually, where the
properties of the Zc(3900)
0 and its coupling strength to
pi0J/ψ are fixed to those obtained from the simultaneous
fit. The resulting cross sections, as shown in Fig. 3 and
in Table V of the supplementary material [20], show a
clear structure around 4220 MeV. We perform a χ2 fit
to the Zc(3900)
0 cross sections using a coherent sum of a
relativistic BW function and σNY (
√
s), as in formula 2,
but with a threshold Mthd = Mpi0 + MZc(3900)0 for the
non-resonant component and a PHSP factor of two-body
decay R→ pi0Zc(3900)0. The fit curve is shown in Fig. 3,
with a goodness of fit of χ2/ndf = 8.5/5. The mass
(4231.9 ± 5.3) MeV/c2 and width (41.2 ± 16.0) MeV of
the resonant structure are consistent with those of the
Y (4220) presented previously. We also tested the scenar-
ios including the Y (4320) with fixed resonant parameters
and/or phase, but none of those improve the fit quality.
Due to the lack of data around 4.3 GeV, we cannot rule
out a contribution from the Y (4320).
The systematic uncertainties for the Zc(3900)
0 reso-
nant parameters and the corresponding cross sections in-
clude those associated with the amplitude modeling and
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FIG. 3. (Color online) Fit to the measured e+e− →
pi0Zc(3900)
0 → pi0pi0J/ψ cross sections. Points with error
bars are data, the red solid curve is the total fit result, the
red-dashed (blue-dotted) curve is the resonant (non-resonant)
component, and the magenta dash-dotted line represents the
interference of the two components.
background treatment in the PWA, as well as the detec-
tion efficiency difference between data and the MC simu-
lation. The uncertainties associated with the amplitude
modeling in PWA stem from the parameterizations of in-
termediate states (σ, f0(980), f0(1370) and Zc(3900)
0),
the barrier radius in the barrier factor, and possible miss-
ing components. We perform alternative PWAs for the
scenarios with different parameterizations of the interme-
diate states, different barrier radius, and an additional
e+e− → f2(1270)J/ψ amplitude individually, and the
resultant (largest) changes with respect to the nominal
values are regarded as the uncertainties. The uncertainty
related to the background treatment is studied by vary-
ing the M`+`− -sideband region. The uncertainties related
with the detection efficiency include those for tracking of
leptons and photons, pi0 reconstruction, kinematic fit and
ISR correction factor, as well as the uncertainty by re-
quiring additional MUC hits. The detection resolution,
about 8.8 MeV/c2 in the Mpi0J/ψ distribution, is not con-
sidered in the nominal PWA. Its effect is estimated with
300 sets of pseudo-experiments. All the above uncer-
tainties are summarized in Table VI of the supplemental
material [20] including a more detailed description.
The uncertainties for the resonant parameters in the fit
to σ(e+e− → pi0Zc(3900)0 → pi0pi0J/ψ) include the same
sources as discussed in the fit to σ(e+e− → pi0pi0J/ψ)
and the same approaches are used, as summarized in Ta-
ble VII of the supplemental material [20]. In this case,
the uncertainty of the fit procedure is estimated by re-
placing the nominal PDF model with one BW function
only and by changing the constant full width of BW to
a phase-space dependent width, ΓΦ(
√
s)
Φ(M) . The total sys-
tematic uncertainties are 4.9 MeV/c2 and 16.4 MeV for
the mass and width of the structure, respectively.
In summary, we measured Born cross sections of
e+e− → pi0pi0J/ψ for c.m. energies between 3.808 and
4.600 GeV with data samples collected by the BESIII
experiment. The measured cross sections are fitted by
including two resonant structures, Y (4220) and Y (4320),
with the resonant parameters of the Y (4320) fixed to the
values taken from Ref. [4]. The mass and width of the
Y (4220) are measured to be (4220.4± 2.4± 2.3) MeV/c2
and (46.2± 4.7± 2.1) MeV, respectively, where the first
uncertainties are statistical, and the second are system-
atic (the same as following). These measurements agree
with those reported in Ref. [4], and confirm the existence
of the Y (4220). The average ratio of the cross section
e+e− → pi0pi0J/ψ to that of e+e− → pi+pi−J/ψ [4] is
0.48± 0.02, which is consistent with isospin symmetry.
The Zc(3900)
0 signal is clearly observed in the Mpi0J/ψ
distribution, and a PWA is performed to study its prop-
erties. The spin-parity of the Zc(3900)
0 is determined
to be JP = 1+, and the measured mass (3893.0 ± 2.3 ±
19.9) MeV/c2 and width (44.2 ± 5.4 ± 9.1) MeV corre-
spond to a pole position (3893.1±2.2±3.0)−i(22.2±2.6±
7.0) MeV/c2. These values are consistent with those of
the charged Zc(3900)
± observed in e+e− → pi+pi−J/ψ.
The Born cross sections of e+e− → pi0Zc(3900)0 →
pi0pi0J/ψ are also measured and fitted for c.m. energies
between 4.178 and 4.278 GeV. The fit yields a struc-
ture with a mass of (4231.9 ± 5.3 ± 4.9) MeV/c2 and a
width of (41.2 ± 16.0 ± 16.4) MeV, compatible with the
Y (4220). The results indicate a strong correlation be-
tween the production of the Y (4220) and the Zc(3900)
0.
Due to the lack of data around 4.3 GeV, the existence of
the Y (4320) in the Zc(3900)
0 production cannot be ruled
out.
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